INTRODUCTION
DNA methylation at carbon 5 position of cytosine (5mC) is an important postreplicative modification, which mainly regulates gene expression, genomic imprinting, and other processes of epigenetic inheritance (Bird, 2002) . In vertebrates, methylation predominately occurs in a CpG dinucleotide context in the genome and is established and maintained by the DNMT3 and DNMT1 family enzymes, respectively (Goll and Bestor, 2005) . Another epigenetic modification, 5-hydroxymethylcytosine (5hmC), was first identified in T-even bacteriophages 60 years ago (Wyatt and Cohen, 1953) . This genomic modification was recently observed in vertebrates and is relatively abundant in embryonic stem cells, Purkinje neurons cells, brain, and several other tissues (Globisch et al., 2010; Kriaucionis and Heintz, 2009; Szwagierczak et al., 2010; Tahiliani et al., 2009 ).
Ten-eleven translocation (TET) proteins were first discovered to convert 5mC to 5hmC in a search of analogous DNA-modifying enzymes based on the analysis of Trypanosoma brucei base J-binding protein 1 (JBP1) ), a dioxygenase that hydroxylates thymine in DNA (Cliffe et al., 2009; Yu et al., 2007) . Within the TET-JBP family, the mammalian TET subfamily contains three members: TET1, TET2, and TET3 . Recent studies have identified that TET proteins further oxidize 5hmC to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) in DNA Ito et al., 2011) . All TET enzymes contain a C-terminal catalytic domain (CD) that belongs to the dioxygenase superfamily and oxidizes 5mC in a 2-oxoglutarate-(2-OG) and Fe(II)-dependent manner. 5fC and 5caC can be further excised by thymine-DNA glycosylase (TDG) and replaced by unmodified cytosine through the base excision repair (BER) pathway .
TET proteins and the oxidized 5mC derivatives play important roles in various biological and pathological processes, including regulation of gene transcription, active DNA demethylation, embryonic development, and oncogenesis (Branco et al., 2012; Cimmino et al., 2011; Pastor et al., 2013; Tan and Shi, 2012; Williams et al., 2012; Wu and Zhang, 2011) . In particular, mouse gene-targeting studies have established the role of Tet enzymes in DNA demethylation in several developmental processes (Dawlaty et al., 2011; Gu et al., 2011; Ito et al., 2010) . TET1 was first identified as an MLL fusion partner in acute myeloid leukemia (AML) patients (Lorsbach et al., 2003; Ono et al., 2002) . In addition, as reported in COSMIC (Catalogue of Somatic Mutations in Cancer, http://www.sanger.ac.uk/cosmic/) (Forbes et al., 2010) , loss-of-function mutations of TET2 are frequently observed in human myeloid leukemia. Genome-wide analyses also revealed that loss of 5hmC is an epigenetic hallmark of melanoma (Lian et al., 2012) .
Although the TET function has been extensively studied in the past few years, the structural basis for TET proteins to mediate 5mC oxidation remains elusive. In this work, we solved the crystal structure of a truncated but catalytically active form of human TET2 bound to DNA containing one methyl-CpG site.
The structure reveals a number of unexpected features of TET2 and provides significant implications for understanding the mechanisms of TET-mediated DNA oxidation.
RESULTS

Structure Determination
The C-terminal catalytic domain of TET2 comprises a Cys-rich and a double-stranded b helix (DSBH, also known as jelly-roll motif) domain with a large low-complexity insert ( Figure 1A ). This insert is less conserved and is predicated to be unstructured Tahiliani et al., 2009) , which poses a significant challenge to the crystallization. To overcome the difficulty, we measured the catalytic activity of various N-terminal truncations, C-terminal truncations, and deletions of the insert of TET2 expressed in human HEK293T cells. Truncation of N terminus before residue 1129 or of C terminus after residue 1936 had a minor effect on TET2 activity (Figure S1A available online). Further truncation of TET2 (residues before 1156 or after 1913) significantly decreased its activity. The results indicate that TET2 (1129 TET2 ( -1936 is the minimum, catalytically active fragment among the various constructs that we tested. Notably, full-length TET2 results in a higher level of 5hmC than other truncated versions of TET2 discussed above, suggesting that full-length TET2 is more active than CD under our experimental conditions, which is consistent with previous studies .
All tested TET2 mutants with internal deletions possess enzymatic activities ( Figure S1B ). The truncated but catalytically active TET2 proteins were purified to homogeneity for crystallization and biochemical assays ( Figure S1C ). Various TET2-DNA complexes were assembled by mixing DNA and TET2 proteins in the presence of N-oxalylglycine (NOG, a 2-OG analog). Of the multiple TET2-DNA complexes screened, human TET2 (1129-1936) with residues 1481-1843 replaced by a 15-residue GS linker (designated Del-insert) bound to a 12-base-pair (bp) DNA gave the best crystals ( Figure 1A ). The structure was solved by single-wavelength anomalous diffraction (SAD), and the final model was refined to 2.02 Å resolution ( Figure 1B and Table S1 ). Residues 1129 Residues -1131 Residues , 1136 Residues -1143 Residues , 1925 Residues -1936 Residues , 1464 Residues -1481 , and the following GS-linker in TET2, as well as bases C11 0 , T12, and A12 0 in the DNA, were not built because of a lack of electron density, which may result from the flexibility in the crystals.
Overall Structure of TET2-DNA Complex
The structure shows a compact globular fold of catalytic domain in complex with DNA duplex ( Figure 1B ). As predicated, the DSBH domain has a central DSBH core, which is comprised of Figure S1 and Table S1 . a double-stranded b helix Tahiliani et al., 2009) . The DSBH core is buttressed beside the two b sheets by flanking segments from both DSBH and Cys-rich domains. On the bottom of the DSBH core, the two b sheets are further joined by three-and two-stranded b sheets, respectively. Surprisingly, the Cys-rich domain does not form an independent structural unit. Instead, it wraps around the DSBH core and is separated into Cys-rich N-terminal (Cys-N) and C-terminal (Cys-C) subdomains.
The DNA is located above the DSBH core with a methylated cytosine (mC6) flipped out and inserted into the catalytic cavity ( Figure 1B) . Two loops from Cys-C subdomain (designated L1 and L2) flanking above the DSBH core form a shallow groove for DNA interaction. Loop L2 (residues 1288-1312) is inserted into the minor groove of DNA, and L1 (residues 1256-1273) supports DNA on the other side. Three zinc cations are coordinated by residues of TET2, and two of the three zinc fingers stabilize important segments for catalysis and DNA interaction.
Location of the Large Low-Complexity Insert A two-stranded antiparallel b sheet is formed by two b strands (b12 and b13), which should be connected by the large lowcomplexity insert of TET2 and was replaced by a GS linker in the complex structure ( Figure 1B) . The GS linker is invisible, and the ends of two b strands (residues 1463 and 1842) are located distant from the core structure, suggesting that the insert is located on the exterior surface of the catalytic domain of TET2. The function of the large low-complexity insert remains elusive, and its boundaries (residues 1464-1843) defined in the structural analyses might be useful for further characterizations of TET proteins.
The Catalytic Cavity
The DSBH core of TET2 is composed of two antiparallel b sheets facing each other with the Fe(II) and NOG localized in the center (Figure 2A ). The mC6 is flipped out of the mC6:G6 0 base pairing and is inserted into the catalytic cavity of TET2. The methyl group at the C-5 position of mC6 is orientated to the catalytic Fe(II) and NOG, and oxidation occurs if the NOG is replaced by 2-OG under physiological conditions. Consistent with previous predictions, the Fe(II) is coordinated by conserved residues H1382, D1384, and H1881 from two iron-chelating motifs of DSBH core ). The octahedral coordination is completed by 1-carboxylate and 2-keto oxygen of NOG in a bidentate fashion and a crystallographic water, which would be replaced by O 2 to initiate oxidation in the case of catalysis (Schofield and Zhang, 1999) . 1-carboxylate of NOG is stabilized by residue R1261 of TET2, which is inserted into the catalytic cavity from loop L1. On the other end of NOG, 5-carboxylate is stabilized by residues H1416, R1896, and S1898 of TET2. All residues involved in Fe(II) coordination and NOG interaction are highly conserved in TET subfamily members ( Figure S2 ).
The dot blot assays were performed to test the effect of NOGinteracting and iron-chelating residues on TET2 enzymatic activity in HEK293T cells. Consistent with previous studies (Ko et al., 2010), mutations R1896M and H1382Y/D1384V (HxD mut) of TET2 decreased or abolished enzymatic activity, respectively ( Figure 2B ). Another patient-derived TET2 mutant (R1261G) also significantly reduced the catalytic activity. An in vitro enzymatic activity assay was next performed using purified wild-type, and mutant TET2 proteins with the reaction products were detected by liquid chromatography tandem mass spectrometry (LC-MS/ MS) ( Figure 2C and Table S2 ). The wild-type TET2 showed strong 5mC oxidation activity, converting a large amount (>85%) of 5mC into 5hmC and a significant amount of 5fC and 5caC. In contrast, mutation S1898F of TET2 significantly decreased the enzymatic activity with a very low level (<1%) of 5hmC generated. The results demonstrate that NOG-interacting and iron-chelating residues play an important role in the enzymatic activity of TET2. Note that all of the above mutants were made based on mutations identified from patients (data obtained from COSMIC) (Forbes et al., 2010) , further supporting their importance for TET2 function (Table S3) .
Structure of the Cys-Rich Domain
The Cys-rich domain wraps around the DSBH core, and two loops from Cys-N and Cys-C subdomains are brought into close proximity to the iron-chelating motif 1 by zinc coordination ( Figure 3A ). The Cys-N subdomain has a mixed a/b fold consisting of a helix (a1) and a four-stranded b sheet, which joins one b sheet of DSBH core on the bottom end. The strand b3 joins the other b sheet of DSBH core, and its flanking loops protrude out to pack against outside of the b sheet. In Cys-C subdomain, the top strand (b6) of the DSBH core connects loops L1 and L2, which are flanking above the DSBH core for DNA interaction. The helix a2 is in parallel with helix a3 from DSBH domain, and the two helices together pack against the outside of a b sheet of the DSBH core. Consistent with its importance for overall structure formation of TET2 and TET2-DNA interactions, the Cys-rich domain is highly conserved in TET subfamily members ( Figure S2 ) and is essential for the enzymatic activity of TET proteins ( Figure S1A ) ( See also Figure S3 and Table S3 .
A Dali search (Holm and Rosenströ m, 2010) of Cys-rich domain structure indicated that chymotrypsin inhibitor 2 (CI2) (Protein Data Bank ID code [PDB]: 1Y4D) (Radisky et al., 2005) is structurally similar to the mixed a/b fold of Cys-N subdomain, with a root-mean-squared deviation (rmsd) of 2.9 Å for 53 aligned Ca atoms ( Figure S3 ). However, no functional similarity was found between the two complexes compared.
Zinc Coordination
In addition to intramolecular interaction between the Cys-rich and DSBH domains, the overall structure of TET2 is further stabilized by the coordination of three zinc cations (designated Zn1, Zn2, and Zn3) ( Figure 3A) . Notably, the three zinc cations in Cys 3 His coordination are located at separate corners in the TET2 structure. The residues involved in Zn1 coordination are restricted within the Cys-N subdomain, and their connecting regions have no contact with Cys-C subdomain or DSBH domain ( Figure 3B ). However, deletions of N terminus (residues 1129-1159) significantly decreased TET2 enzymatic activity, indicating an important role of Zn1 coordination in stabilizing the overall structure of TET2 ( Figure S1A ).
An unexpected finding is that Zn2 and Zn3 are coordinated by residues from both Cys-rich and DSBH domains and thus bring flexible regions from two domains together to facilitate overall structure formation ( Figures 3A and S2 ). The residues involved in Zn2 coordination bridge together three loops from DSBH core, Cys-N, and Cys-C subdomains ( Figure 3C ). The loop from Cys-N stabilizes DSBH core from one side, and the loop L1 from Cys-C is important for DNA interaction. The loop (iron-chelating motif 1) from DSBH core contains residue H1380 for Zn2 coordination and residues H1382 and D1384 for Fe(II) coordination (Figure 2A ). In addition, the residues involved in Zn3 coordination stabilize loop L2, which is essential for TET2-DNA interaction ( Figure 3D ). Taken together, the zinc coordination is important for the overall structure formation, and two of the three zinc fingers stabilize the segments for catalysis and DNA recognition by TET2. Consistent with their importance, all residues involved in zinc coordination are highly conserved (Figure S2) , and mutations of zinc-chelating residues are frequently found in human cancers (Table S3) .
Interaction between TET2 and DNA In TET2-DNA structure, the double-stranded DNA packs against a shallow groove formed by loops L1 and L2 above the DSBH core ( Figure 1B) . The DNA-binding surface of TET2 is rich in basic and hydrophobic residues, which agrees nicely with the function for DNA recognition ( Figure 4A ). The DNA has nine Watson-Crick base pairs, with mC6:G6 0 unpaired ( Figure 4B ). The TET2-DNA interaction is mediated by extensive hydrogen bonds and hydrophobic interactions ( Figure 4C ). In particular, the phosphate groups of mC6 and G7 form hydrogen bonds with residues R1262 (main chain) and S1290. A water-mediated hydrogen bond is formed between the C-5 oxygen of ribose ring of mC6 and the side chain of R1261 of TET2. Besides the methylCpG dinucleotide, the phosphate groups of C5, G8, and T9 form hydrogen bonds with side chains of residues R1262, K1299, and S1303 of TET2, respectively. In addition, residues W1291, M1293, Y1294, Y1295, and R1302 of TET2 form a hydrophobic ridge and insert into the minor groove of DNA between C5:G5 0 and G8:C8 0 base pairs. The guanine base of G6' is pushed out of the base stacking between G5 0 and mC7 0 by side chains of residues M1293 and Y1294, which fill in the gap. The above interactions allow mC6 to flip out of the DNA duplex and insert into the catalytic pocket. The base flipping and insertion of hydrophobic residues together result in a distortion of DNA duplex for 40 ( Figure 4B ). The networks of TET2-DNA interactions are summarized in Figure 4D , and the involved elements were correctly built in the structure ( Figure S4 ). Except methyl-CpG dinucleotide, only phosphate groups of the DNA are involved in the TET2-DNA contacts, suggesting that TET2 has no selectivity for DNA sequence besides the CpG dinucleotide.
Dot blot assays were performed to test the effect of DNAinteracting residues on enzymatic activity of TET2 ( Figure 4E ). Replacement of residues 1291-1296 by GGSGGS and mutations W1291R and K1299E/S1303N of TET2 significantly decreased or abolished TET2 activity, indicating that these DNA-interacting residues are important for the enzymatic activity of TET2. In contrast, mutations S1290A/Y1295A and R1262A of TET2 had a relatively minor effect (2-to 4-fold decrease) on its activity, suggesting that these residues are less important for the catalytic activity of TET2. Note that residues R1261 and R1262 are from loop L1, and all other DNA-interacting residues are located in loop L2. The two loops are highly conserved among TET subfamily members, but not JBP1/2 or AlkB family members ( Figure S2 ). In this regard, TET proteins may share a conserved DNA-binding fashion, which differs from that of other TET-JBP and AlkB family members.
Specific Recognition of Methyl-CpG Dinucleotide
In the TET2-DNA structure, the mC6 is specifically recognized by TET2 through two hydrogen bonds formed by the side chains of residues H1904 and N1387 of TET2 and endocyclic nitrogen atoms N3 and N4 of base mC6, respectively ( Figure 5A ). The recognition is further buttressed by the base-stacking interaction between residue Y1902 of TET2 and the pyrimidine base of mC6. In addition, base-stacking interaction between residue Y1294 of TET2 and the G7:mC7 0 base pair of DNA provides specific recognition of the following G:C base pair in CpG dinucleotide by TET2 ( Figure 4C ). The unpaired G6 0 and methyl groups of mC7 0 are not involved in protein-DNA contacts. The networks of interactions allow the mC6 to fit into the catalytic cavity with the methyl group orientated to the catalytic Fe(II) and C1-carboxylate of NOG ( Figure 5B) . Hydroxylation, the first step of 5mC oxidation, will occur on the methyl group when NOG is replaced by 2-OG for reaction. Surprisingly, no residue was observed to interact with the methyl group of mC6, suggesting a minor role of the methyl group in the TET2-DNA interaction. Consistently, electrophoretic mobility shift assay (EMSA) shows that TET2 interacts with methylated or unmethylated DNA with comparable binding affinity ( Figure 5C ). Thus, networks of hydrogen bonds and base-stacking interactions together determine the specific recognition of CpG dinucleotide by TET2, and the methyl group is not involved in the recognition so that the catalytic cavity may allow 5mC oxidized derivatives for further oxidation.
Purified wild-type and mutant TET2 proteins were used to investigate the function of critical residues involved in CpG dinucleotide recognition. Fluorescence polarization (FP) measurements indicate that mutation M1293A/Y1294A of TET2 slightly decreased the DNA-binding affinity ( Figure 5D and (E) Dot blot assays for wild-type and mutant TET2 proteins. The assays and calculations were performed as in Figure 2B . The error bars represent ± SD for triplicate experiments. See also Figure S4 . Table S4 ). However, mutations N1387A, H1904R, and Y1902A of TET2 had little effect or slightly increased the DNA-binding affinity of TET2. The results indicate that residues involved in CpG dinucleotide recognition are not important for the TET2-DNA interaction. The observation is also consistent with the results that TET2 has comparable binding affinity to methylated or unmethylated DNA (Figure 5C ). The result is not surprising because TET2 binds to DNA through extensive hydrophobic interactions and hydrogen bonds ( Figure 4C ), and singleor double-point mutations may not be enough to abrogate the TET2-DNA interaction.
The effect of these residues on enzymatic activity of TET2 was further tested in LC-MS/MS-based in vitro assays using purified wild-type and mutant TET2 proteins (Figures 5E and S5 and Table  S2 ). Compared to wild-type TET2 protein, mutations M1293A/Y1294A, N1387A, H1904R, and Y1902A of TET2 significantly decreased the enzymatic activities. Thus, the CpG-interacting residues are less important for DNA interaction but are essential for the catalytic activity of TET2. An explanation is that the CpG dinucleotide-specific recognition provides a proper orientation of methyl group in the catalytic cavity, and such orientation is essential for TET2-mediated 5mC oxidation.
JBP1 and JBP2, the TET homologs in trypanosome brucei, have been reported to oxidize thymine to 5-hydroxymethyluracil (5-hmU) (Cliffe et al., 2009; Yu et al., 2007) . Interestingly, sequence alignment indicates that residues N1387 and H1904 involved in CpG dinucleotide recognition by TET2 are highly conserved in the TET subfamily proteins, whereas the equivalents in JBP1/JBP2 are D218/D396 and R287/R463, respectively ( Figure S2 ). It is tempting to speculate that the two corresponding residues are important for specific recognition of thymine by JBP1 and JBP2.
Substrate Specificity for 5mC Oxidation in DNA The substrate specificity of TET2 was tested using DNA duplexes containing one 5mCpX site, wherein X is guanine (G), adenine (A), or cytosine (C). Wild-type TET2 showed strong activity on Wild-type TET2 proteins were used for the assays, with 58 bp DNA containing one 5mCpX (X = G, A, or C) site as substrates. See also Figure S5 and Tables S2, S4, S5. 5mCpG-DNA (>85% 5mC oxidized) but low activity on 5mCpC-DNA (<10% 5mC oxidized) and much lower activity on 5mCpA-DNA substrates (<2% 5mC oxidized) (Figures 5F and S5C and Table  S5 ). In the TET2-DNA structure, replacement of G7:mC7 0 by A:T base pair may impair the base-stacking interaction with residue Y1294 of TET2 and may result in a significant decrease of enzymatic activity. The base-stacking interaction may tolerate substitution of G:C by C:G base pair to some extent, which leads to a partial decrease of activity on CpC-containing DNA ( Figure 4C ). The results indicate that TET2 has a strong substrate preference on CpG-containing methylated DNA, though it also possesses very weak in vitro activity on 5mC in non-CpG context.
Structural Comparison of TET2-DNA and ABH2-DNA Complexes
A Dali search (Holm and Rosenströ m, 2010) of TET2-DNA structure versus all known structures in the Protein Data Bank indicated that TET2 is structurally similar to AlkB family members. Human ABH3 (ALKBH3), ABH2, fat mass and obesity-associated (FTO), and E. Coli AlkB are the best hits. AlkB family proteins oxidize and remove N-methyl groups from N1-methyladenine (1-meA), N3-methylcytosine (3-meC), N3-methylthymine (3-meT), and N6-methyladenosine (6-meA or m 6 A) to repair damage of DNA or RNA (Sedgwick, 2004; Yang et al., 2009) . Crystal structures of ABH2-dsDNA (PDB: 3BUC) (Yang et al., 2008) , ABH3 (PDB: 2IUW) (Sundheim et al., 2006) , and FTO (PDB: 3LFM) (Han et al., 2010) were compared with the TET2-DNA structure (Figures 6 and S6 ). TET2 and ABH2 share a similar fold for the DSBH core, with an rmsd of 2.07 Å for 143 aligned Ca atoms ( Figure 6A ). In the TET2 structure, the DSBH core is covered by multiple segments on two sides and at the bottom ( Figure 6B ), whereas only two conserved a helices (equivalents of a2 and a3 in TET2) were observed outside of the DSBH domain in the ABH2 structure ( Figure 6C ). A similar difference was also observed in the comparison of TET2 and ABH3 structures ( Figure S6 ). No zinc atom in coordination was found in ABH2 or other AlkB family proteins (Han et al., 2010; Sundheim et al., 2006; Yang et al., 2008; Yu et al., 2006) . The striking structural difference between the two compared structures lies in their interactions with DNA. Compared to the ABH2-DNA structure (Yang et al., 2008) , the DNA rotates 80 in the TET2-DNA structure ( Figure 6D ). Loops L1 and L2 of TET2 interact with DNA from two sides, and the DNA is located above the DSBH core, with 5mC inserted into the catalytic cavity Figure 6D . Critical segments, residues, and methylated nucleotide for DNA interaction in both structures are indicated accordingly. See also Figure S6 .
in a top-down manner ( Figure 6E ). In contrast, in the ABH2-DNA structure, the Flip1 and Flip2 (equivalents of loops L1 and L2; Figure S2 ) interact with the DNA minor groove from the same side, and the DNA is located beside a b sheet of DSBH core ( Figure 6F ). The 1-meA is inserted into the catalytic cavity from the lateral side of the b sheet. Although methyl groups from 5mC and 1-meA are both brought into close proximity to Fe(II) and NOG/2-OG, the two bases adopt almost perpendicular orientation in the structures compared. In addition, in the ABH2-DNA structure, 1-meA is sandwiched by residues F124 and H171 of ABH2 for base-stacking interaction, whereas in the TET2-DNA structure, 5mC forms base-stacking interaction with residue Y1902 of TET2 from one side of 5mC base ring. Consistent with the structural difference, loops L1 and L2 for DNA interaction and residues involved in 5mC recognition in TET2 are conserved in TET subfamily, but not in AlkB family members (Figure S2) . Taken together, for TET2 and ABH2 (and for other AlkB family members), the critical regions that are specific for DNA interaction and 5mC/1-meA recognition are different, which results in different fashion for DNA interaction and substrate specificity.
DISCUSSION
In this work, we report the crystal structure of human TET2 bound to methylated DNA. The structure shows a number of unexpected features of TET proteins. For example, the Cysrich domain is essential for the integrity of the overall structure and the catalytic activity of TET2. Two out of the three separate zinc fingers bring the Cys-rich and DSBH domains together and stabilize segments that are critical for catalysis and DNA interaction. The structure also reveals the mechanism of substrate recognition by TET proteins. TET2 specifically recognizes CpG dinucleotide, with 5mC inserted into the catalytic cavity using a base-flipping mechanism (Roberts and Cheng, 1998; Yang et al., 2009) . The methyl group is not involved in the TET2-DNA interaction, and such architecture of the catalytic cavity allows TET2 to accommodate 5mC-oxidized derivatives for further oxidation. In addition, structural analyses identified critical residues involved in catalysis, DNA interaction, and zinc coordination, and our biochemical analyses confirmed their importance for the catalytic activity of TET2. These residues are highly conserved in TET proteins, indicating that the above mechanisms are conserved among TET subfamily members. Thus, our structural and biochemical studies provide a basis to understand the mechanisms of TET-mediated 5mC oxidation, and the TET2-DNA structure could serve as a framework to characterize the regulatory mechanism of TET proteins.
The structure of TET2 reported here represents a catalytically active CD domain, in which the Cys-rich and DSBH domains together form a compact fold. The overall structure is further stabilized by three zinc atoms, which are coordinated by residues from both Cys-rich and DSBH domains. The arrangement of the three zinc fingers differs from other multiple zinc-fingercontaining domains, such as the PHD finger, in which two or more zinc fingers associate with each other to recognize histone tails (Taverna et al., 2007) . No structure was reported to adopt a similar fold to the Cys-rich domain or the regions outside the DSBH core of TET2. The overall structure organization and networks of zinc coordination in TET2 are unexpected according to previous predications Pastor et al., 2013) . Structural analyses indicate that loops L1 and L2 in the Cys-rich domain are important for DNA interaction and that both loops are highly conserved in the metazoan TET subfamily, but not in other TET-JBP or AlkB family members ( Figure S3 ). In this regard, the Cys-rich domain is indispensable for the formation of the catalytic domain and is essential for the catalytic activity of TET proteins. The Cysrich domain distinguishes TET proteins from other related family members in both primary protein sequence and threedimensional structure.
The complex structure reveals that networks of hydrogen bonds and base-stacking interaction determine the specific recognition of CpG dinucleotide by TET2, and the recognition is further stabilized by the TET2-DNA backbone interactions. The absence of apparent protein-base contacts outside of the CpG site suggests that TET2 has sequence preference on CpG dinucleotide but no or weak selectivity for its flanking DNA sequence. The above observation is consistent with the function of TET2 because its substrate, methyl-cytosine, predominantly exists in a CpG context in mammalian genomic DNA (Bird, 2002) . Base resolution analyses also indicate that 5hmC is predominately distributed in CpG context and at a very low level in CHG or CHH context (H = A, C, or T) in the mammalian genome (Yu et al., 2012) . Consistently, our in vitro assays also demonstrate that TET2 has strong activity on 5mC in CpG context but very weak activity in non-CpG context. Residues involved in CpG dinucleotide recognition are only conserved in TET subfamily members ( Figure S2) , which also provides a structural basis for understanding the different substrate specificity of TET proteins (to 5mCpG), JBP1/2 (to thymine), and AlkB family members (to several methyl-nucleotides with no CpG preference) (Cliffe et al., 2009; Sedgwick, 2004; Yang et al., 2009; Yu et al., 2007) .
Another unexpected finding from the structural analysis is that the methyl group of 5mC has no contact with residues in the catalytic cavity. Consistent with this observation, TET2 showed comparable DNA-binding affinity to C-or 5mC-containing DNA in the EMSA assay. The results suggest that C and 5mC in the CpG context are not differentiated by TET proteins in the catalytic cavity. A possible explanation is that the hydrophobic environment for the methyl group stabilization may impair proper localization of hydrophilic groups of 5hmC and 5fC in the catalytic cavity for further oxidation. Consistent with the enzymatic activity for successive 5mC oxidation Ito et al., 2011) , the architecture around the methyl group in the catalytic cavity allows TET proteins to accommodate the intermediate species for further oxidation.
The above structural analyses also suggest that genomic localization of TET proteins is not determined by the C-terminal catalytic domain because it only has sequence preference on CpG dinucleotide and does not distinguish methylated or unmethylated CpG-containing DNA. In this regard, the lowcomplexity insert, N-terminal CXXC domain (or CXXC4 protein for TET2) (Ko et al., 2013; Xu et al., 2012) , Sin3A corepressor complex (Williams et al., 2011) , and other TET-interacting proteins yet to be discovered may target TET proteins to genomic loci for 5mC or 5hmC oxidation. The less-conserved regions of three mammalian TET proteins may provide specificity for interaction with different proteins. In addition, the catalytic activity of TET proteins is stimulated by ATP and vitamin C (Blaschke et al., 2013; Yin et al., 2013) , suggesting that TET proteins may be regulated by endogenous metabolites or nutrients, with the underlying mechanism unclear. The TET2-DNA structure reported here provides a framework to characterize the molecular mechanism of TET proteins regulated by TET-interacting proteins and small molecules.
Finally, the residues involved in Fe(II)/2-OG interaction (catalysis), DNA interaction, and zinc coordination are highly conserved among TET subfamily members, and mutations of these residues in TET2 are frequently observed in human cancers (summarized in Table S3 ). All patient-derived TET2 mutants (R1261G, W1291R, R1896M, S1898F, and H1904R and composite mutations K1299E/S1303N and H1382Y/ D1384V of TET2) used in our studies showed reduced or complete loss of enzymatic activity ( Figures 2B, 4E , and 5E). These observations agree nicely with structural analyses and suggest that TET2 functional impairment promotes the development of human myeloid leukemia or other cancers. The atomic resolution structure of TET2-DNA complex will serve as an important reference for investigation of other cancer-derived TET2 mutants and will provide a platform for structure-guided design of specific inhibitors or activators for functional studies and potential therapeutic applications.
EXPERIMENTAL PROCEDURES Protein Crystallization
The ORF of human TET2 was obtained from Yang Shi and Yujiang Shi's lab at Fudan University. Methods for protein purification and sequences of DNA used for crystallization and assays can be found in the Extended Experimental Procedures. Various TET2 proteins were mixed with various DNA in 1:1 stoichiometry. N-oxalylglycine (NOG, an a-KG analog) was added before crystallization. The crystals of human TET2 (1129 ( -1936 in complex with 12 bp DNA were obtained using the hanging-drop, vapor-diffusion method by mixing 1 ml protein-DNA complex solution (25 mg/ml) with 1 ml reservoir solution containing 0.1 M MES (pH 6.3), 23% PEG monomethyl ether 2000 at 4 C.
Data Collection and Structure Determination
Zinc SAD (Hendrickson, 1991) and native data were collected at SSRF (Shanghai Synchrotron Radiation Facility in China) beamline BL17U at wavelengths of 1.2818 Å and 0.9792 Å , respectively. Data were indexed, integrated, and scaled using program HKL2000 (Otwinowski and Minor, 1997) . Phases were initially determined by the single-wavelength anomalous dispersion (SAD) using the phasing module Autosol; density modification and automatic model building were performed using the AutoBuild of program package PHENIX (Adams et al., 2002) . The model was further manually built with COOT (Emsley and Cowtan, 2004 ) and was refined using PHENIX package (Adams et al., 2002) . The quality of final model was checked with the PROCHECK program (Laskowski et al., 1993) . All structure figures were generated using PYMOL (DeLano, 2002) .
TET2 Enzymatic Assays in HEK293T Cells
The HEK293T cells were transfected with wild-type or mutant FLAG-tagged TET2 (1099 ( -1936 , and cells were harvested 42 hr after transfection. Genomic DNAs were extracted, heat denatured, and dotted on Hybond-N + nitrocellulose membrane (Milipore) in serial 2-fold dilutions. After ultraviolet crosslinking, membranes were blocked by 5% milk in TBST (10 mM Tris [pH 7.4], 150 mM NaCl, and 0.1% Tween 20) buffer at room temperature for 1 hr and were further incubated with 5hmC antibody (Active Motif) at 4 C overnight. Membrane was washed three times using TBST buffer and was incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit antibody (Abmart) and visualized in a chemiluminescence detection system.
In Vitro TET2 Enzymatic Assays and LC-MS/MS Analysis
The 58 bp DNA (0.5 mg) was incubated with TET2 (1099-1936 Del-insert) proteins (2 mg) in buffer containing 50 mM HEPES (pH 8.0), 100 mM NaCl, 100 mM Fe(NH4) 2 (SO4) 2 , 2 mM ascorbate, 1 mM DTT, and 1 mM ATP at 37 C for 1 hr.
The product DNA was purified and denatured at 100 C for 10 min and further digested to nucleosides with 0.5 U nuclease P1 (Sigma Aldrich) at 37 C for 16 hr and 0.5 U CIP (NEB) at 37 C for 1.5 hr. The samples were subjected to LC-MS/MS using a Shimadzu LC (LC-20AB pump) system. All DNA standard nucleosides were obtained from Yang Shi and Yujiang Shi's lab at Fudan University. The relative percentage was calculated according to the standard curves for 5mC, 5hmC, 5fC, 5caC, and guanine. The 58 bp DNA substrate contains 28 cytosine and 2 methyl-cytosine nucleotides (one methyl-CpG dinucleotide).
DNA-Binding Assays
Electrophoretic mobility shift assay and fluorescence polarization measurements were performed to detect TET2-DNA interaction. More detailed descriptions can be found in the Extended Experimental Procedures.
ACCESSION NUMBERS
The atomic coordinate of the TET2-DNA complex has been deposited in the Protein Data Bank with the PDB code 4NM6. 
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